Traian Marinca, Ionel Chicinas, Olivier Isnard, Viorel Pop, Florin Popa. Synthesis, structural and magnetic characterization of nanocrystalline nickel ferrite-NiFe2O4 obtained by reactive milling. Journal of Alloys and Compounds, Elsevier, 2011, 509, pp.7931-7936. 10 °C was used to improve the solid state reaction. The obtained powders were investigated by X-ray diffraction, magnetic measurements, scanning electron microscopy, X-ray microanalysis, differential scanning calorimetry. The particles size distribution was analyzed using a laser particle size analyser. The nickel ferrite begins to form after 4 hours of milling and continuously form up to 30 h of milling. The obtained nickel ferrite has many inhomogeneities and a distorted spinel structure. The mean crystallites size at the final time of milling is 9 ± 2 Åand the lattice parameter increases with increase the milling time. DSC measurements revealed a large exothermic peak associated with cations reordering in the crystalline structure. The magnetization of the obtained powder depends on the milling time and annealing. After the complete reaction between the starting oxides the milling reduces the magnetization of the samples. The magnetization increases after annealing, due to the reorganization of the cations into the spinel structure.
Introduction
Generally, all the soft magnetic ferrites are very important materials due to their magnetic and electric properties. The spinel ferrite suitable for many applications, such as: high frequency magnetic materials, recording media, ferrofluid technology, sensor technology, in microwave applications etc [1] [2] [3] [4] [5] . The soft magnetic ferrites are materials which crystallize in cubic spinel structure, spatial group Fd3m. The chemical formula of the spinel ferrite can be written as MeFe 2 O 4 , where Me is a metal or a group of metallic elements with two total valence. The spinel structure exhibits two kinds of crystal sites where the cations Me 2+ and Fe 3+ can be distributed: tetrahedral sites and octahedral sites. Typically two extreme type of spinel structure can be found : normal spinel and inverse spinel, but in practise mixed spinel structure are also observed. In normal spinel structure the tetrahedral sites are occupied by the Me 2+ and the octahedral sites are filled by the Fe 3+ cations. In inverse spinel structure the Fe 3+ cations are distributed between the tetrahedral and octahedral sites and the Me 2+ cations are found in octahedral sites. The mixed spinel structure has the cations distributed in a combined mode between the normal and inverse structure. The magnetic and electric properties of the soft ferrite are closely related to their intra-crystalline ordering of the cations [6, 7] .
Nickel ferrite (NiFe 2 O 4 ), like all soft magnetic ferrites, is the subject of intense researches in recent years. Nickel ferrite obtained by equilibrium methods has an inverse spinel structure with the Fe 3+ cations equally distributed between the two kinds of sites, Ni 2+ cations being located in octahedral sites and the magnetic ordering in the spinel structure of NiFe 2 O 4 is ferromagnetic. The iron cations from tetrahedral sites have the magnetic moments coupled antiparallel with the magnetic moments of nickel and iron from octahedral sites [6] . It was highlighted that in the nanocrystalline/nanostructured state nickel ferrite has magnetic properties which differ from the polycrystalline state [8] [9] [10] . In order to produce nickel ferrite in nanocrystalline/nanostructured state several methods such as sol -gel [11, 12] , solvothermal [13] , co-precipitation [14] , bottom up [15] , microemulsion [16] or hydrothermal [17] are used. Beside those methods the mechano-chemical synthesis route is a useful method for producing the nickel ferrite in nanocrystalline state. For producing the nanocrystalline nickel ferrite by mechano-chemical synthesis two ways are used: (i) in the first one, the ferrite is formed in the nanocrystalline state by solid state reaction between precursors during milling [9, [18] [19] [20] ; (ii) in the second one, the polycrystalline nickel ferrite obtained by other methods is milled in order to reduce the grain size and to refine the structure [10, 21, 22] . Several studies where reported regarding the producing of nanocrystalline nickel ferrite by mechano-chemical route, but the results are very different depending on the experimental conditions. For example, the nickel ferrite phase was obtained after 8 hours [20] or else after 35 hours of milling [21] . For the sample milled 8 h a heat treatment was applied in order to increase the formation of nanoferrite [20] . Another study reported the obtaining of nickel ferrite in the nanocrystalline state by mechanical milling (with a crystallite size of 9 nm) from a mixture of oxides [2] . In the same article, it was observed that the magnetization is reduced by milling. A non-equilibrium distribution of cations and a spin canted effect have been reported by the same authors [2] . The cations inversion between the tetrahedral and octahedral sites into the spinel structure alongside of the spin canted effect and superparamagnetic behaviour was also reported by other authors [23] . The magnetization of nickel ferrite obtained in nanocrystalline state by mechanical milling is lower than the magnetization of nickel ferrite obtained by ceramic method [23] . Finally, it is worth to note that mechanical/reactive milling can be used to obtained nanostructures that have a nonequilibrium distribution of cations within the crystal structure. The present paper presents the results regarding the synthesis of nanocrystalline nickel ferrite by reactive milling starting from an equimolar mixture of commercial oxides and the characterization of some structural and magnetic properties.
Experimental
A mixture of high purity commercial oxides powders (Alpha Aesar), nickel oxide (NiO -bunsenite) and iron oxide (α-Fe 2 O 3 -hematite) in molar ratio of 1:1 was used as starting sample. Stainless steel vials and balls were used for the milling process in high energy planetary mill Pulverisette 4 (Fritsch). The ball to powder mass ratio was 15: 1. The vial rotational speed (ω) and the disc rotational speed (Ω) were established at 800 rpm, respectively at -400 rpm. After milling, the samples were annealed in vacuum at a temperature of 350 °C for 4 hours in order to remove the internal stresses induced by milling and to improve the solid state reaction.
The formation of nickel ferrite by milling was investigated by X-ray diffraction (XRD) in the angular range 2θ = 25 -100° using a Siemens D5000 diffractometer which operates in reflection with CoK α radiation (λ = 1.7903 Å). The mean crystallite size was calculated using Scherrer's formula from full-width-at-half maximum (FWHM) of the diffraction peaks for the milled and annealed samples [24] . The lattice parameter was determined using Celref 3 program [25] .
The morphology and chemical homogeneity of the particles were studied by scanning electron microscopy (SEM) using a JEOL -JSM 5600-LV microscope, equipped with energy dispersive spectrometer (Oxford Instruments, INCA 200 software). The particle size distribution has been determined using a Laser Particle Size Analyzer (Fritsch Analysette 22 -Nanotec) with an analysis field of 10 nm to 2000 μm.
Differential scanning calorimetry (DSC) investigations were performed using a alumina reference sample in NETZSCH-DSC 404S apparatus. The temperature range was between 25 and 1000 °C and a heating/cooling speed of 10 °C/min was used. The measurements were performed in Ar atmosphere in order to avoid the supplementary air oxygen.
The magnetization curves, M(H), were recorded at room temperature using the extraction sample method in a continuous magnetic field of up to 8 T [26] . The spontaneous magnetizations values have been derived from an extrapolation to zero field of the magnetization obtained in the magnetic field higher than 5.5 T.
Results and discussion
The X-ray diffraction patterns of the as-milled samples and those milled and subsequently annealed are shown in Fig. 1 (RM -as-milled samples and RM + TT 350 ºC/4 h -milled and subsequently annealed samples). For comparison, in the same figure is also shown the diffraction pattern for the starting mixture (SS). The Bragg reflections corresponding to the nickel ferrite (NiFe 2 O 4 ) are noticed in the diffraction pattern after 4 hours of milling, the NiFe 2 O 4 (220) and (511) peaks are clearly visible in the diffraction patterns at this time of milling. Those peaks are not the most intense peaks corresponding to the spinel nickel ferrite, the most intense peaks ( (311) and (440)) are overlapped with the nickel oxides Bragg peaks. A broadening of the Bragg peaks of the precursors oxides, due to the decreasing of the crystallites sizes and to the second-order internal stresses induced by milling can be observed. A significant quantity of nickel ferrite was formed after 4 hours of milling. By increasing milling time, the Bragg peaks of the nickel ferrite are more clearly visible and those of the precursors oxides decrease. The most intense Bragg peak of the hematite phase, (200) peak, is almost invisible after 12 hours of milling. By increasing the milling time at 16 hours, the Bragg peaks corresponding to the nickel and iron oxides are no more present in the diffraction patterns; this indicates that the reaction between the precursors nickel and iron oxides is completed. The Bragg peaks intensity of the nickel ferrite phase does not follow the expectations reference JCPDS file . This highlights that nickel ferrite formed by milling has many inhomogeneities and is very disordered comparison to the ordered reference. The nickel ferrite structure is far from equilibrium, the spinel is rather a mixed one instead of a complete inverse. These results are in good agreement with earlier reported results [9] . By increasing the milling time, the system is getting far from equilibrium conditions and the nickel ferrite is forming continuously up to 30 hours of milling.
After only 4 hours of milling the (110) iron peak can be observed in the diffraction patterns. The iron peak intensity increases by increasing the milling time. This is a consequence of the powder contamination during milling with iron from the milling vial and balls [27] . After annealing, the Bragg peaks definition is better, the nickel ferrite peaks intensity are closer to the reference JCPDS file and the intensity of the peaks corresponding to the precursors oxides are reduced. This is due to the fact that the annealing removes the internal stresses induced by milling and increase the crystalline state of the synthesized NiFe 2 O 4 powder. For the milling time up to 12 hours, where the NiFe 2 O 4 is not completely formed, the annealing improves also the reaction between the milled and un-reacted precursors oxides [28] . The ratio of the most intense Bragg peaks intensities of the hematite and of the nickel ferrite for the 8 hours of milling is 0.59 and after annealing is decreasing at 0.32. So, the amount of nickel ferrite formed after annealing is significant. The evolution of the mean crystallite size and of the lattice parameter for the as-milled samples and respectively for milled and annealed samples versus milling time are shown in fig. 2 . The crystallite size is typically in nanometer scale: 39 ± 2 nm for 12 hours of milling and decreases rapidly by increasing the milling time, up to 9 ± 2 nm after 30 hours of milling. The lattice parameters for the as-milled and for the milled and subsequently annealed samples increase by the increasing of the milling time. The lattice parameter of the as-milled samples is larger than for the milled and annealed samples, due to the internal stresses induced by milling and a non-equilibrium cations distribution in spinel structure. After annealing, the internal stresses are removed, a lattice relaxation occurs and it is possible to have a partial reordering of the metallic ions between tetrahedral and octahedral sites [29] . Whatever the milling time, the internal stresses and the ionic disorder lead to a larger lattice parameter of the milled ferrites than that of the nickel ferrite obtained by the ceramic method (a = 8.339 Å, JCPDS 10-0325 file). Another cause of the increased lattice parameter could be the higher iron content in the ferrite due to the iron contamination during milling. Indeed iron atoms could be incorporated into the nickel ferrite spinel structure. So, it is possible to have a nickel ferrite with more iron cations. Further investigations in order to clarify this aspect are in progress.
DSC curves recorded both on heating and cooling for the sample milled for 16 hours is shown in fig. 3 . On the heating curve is remarked a large exothermic peak between 200 and 1000 °C. Released heat is associated with the lattice relaxation and with the cations reordering between tetrahedral and octahedral sites. Beside the large exothermic peak, on the heating curve an endothermic peak can be also remarked. This endothermic peak is associated with the Curie temperature of the nickel ferrite. The certainty that this peak is corresponding to the magnetic transition of nickel ferrite is given by the appearance of an exothermic peak at the same value (560 °C) on the cooling curve. The peak corresponding to the magnetic transition on the heating curve is larger, due to the distorted structure of the ferrite. Also the value of the magnetic transition temperature is lower compared with the values determined for the nickel ferrite synthesized by classical ceramic route (585 °C) [6] . The structure of the obtained spinel ferrite and probably the impurities leads to a lower magnetic transition temperature. The magnetization measurements also indicate a change in the structure of the processed particles during the milling. The magnetization curves M(H) for the starting mixture, as-milled samples and milled and annealed samples are shown in fig. 4 . The M(H) curves recorded for the milled sample are characteristic for a ferro-and ferrimagnetic order. Typically the magnetic ordering in spinel nickel ferrite is ferrimagnetic [8] . The magnetic moments of the cations from tetrahedral sites are coupled antiparallel with the moments of the cations from octahedral sites. The magnetization is influenced by the disordered spinel structure produced by milling [9] . It may be noted that even for a magnetic field of 8 T the magnetization is not completely saturated (fig. 4) . This behaviour could be attributed to the following phenomena: (i) the spin canted effect on the surface of the particles; (ii) a superparamagnetic behaviour due to very fine particles of ferrite obtained by milling and (iii) a combination of the two previously [8] [9] [10] . The M(H) curves of the milled samples are not saturated even after the annealing. Probably the spin canted effect is very strong and is not removed by the annealing or the un-saturated magnetization is caused in major part by the existence of very fine particles. The evolution of the spontaneous magnetization calculated for the starting sample (SS), as-milled samples and for the milled and annealed samples versus milling time is given in fig. 5 . The formation of an important quantity of nickel ferrite after 4 hours of milling is confirmed by the magnetic analysis, the spontaneous magnetisation is 1.95 μ B /f.u. at this time of milling. For samples milled up to 12 hours, the spontaneous magnetization increases continuously by increasing milling time and it is reaching 10.84 μ B /f.u., as a consequence of the increased amount of ferrite phase in the material. After 16 hours of milling, when very probable the reaction between the precursors oxides is finished, the spontaneous magnetization decreases by increasing milling time. The spontaneous magnetization reaches 6.22 μ B /f.u. at the end of the milling process, after 30 hours. The magnetization values are lower in comparison with the value obtained for the nickel ferrite synthesized by ceramic route and in comparison with the calculated one [9, 6] . These lower values could be attributed to the non-equilibrium distribution of the cations in spinel structure, structural disorder and spin canted effect [2, [8] [9] [10] .
After annealing, the spontaneous magnetization increases in comparison with the magnetization of the as-milled samples. For the milling times where the NiFe 2 O 4 is not completely formed the magnetization increases due the increasing of the amount of spinel phase in material. For example, the spontaneous magnetization for the 4 hours milled sample increases at 3.42 μ B /f.u. after annealing. All the factors favouring the reduction of the magnetization (non-equilibrium cations distribution, structural defects) for the samples where the NiFe 2 O 4 was completely formed are removed or reduced by annealing, so the nickel ferrite is little closer to equilibrium and the crystallinity is increased [30] . The spontaneous magnetization is increasing after annealing with about 11 %, from 9.65 μ B /f.u. to 10.68 μ B /f.u. for the 16 hours milled sample. a b Fig. 6 . SEM images of nickel ferrite powders obtained for the 16 h milled sample: a -500x; b -10,000x. The powder is formed by agglomeration of nanometric particles alongside by micrometric size particles.
The SEM studies show that the particles have a polyhedral shape, the powder consisting of micrometric particles and very fine nanometric agglomerated particles. In the Fig. 6 is presented a SEM images obtained for the 16 hours milled sample at a magnification of 500x and 10,000x. Very fine particles can be the single-domain particles with higher magnetization [6] . The particle size distribution analyses confirmed the details obtained by SEM. There are particles of a few micrometers and particles whose size is in nanometric range. The median particle size D 50 determined for the 16 hours milled sample is 1.1 microns and decreases by increasing the milling time up to 0.92 microns after 30 hours of milling. In the fig. 7a and fig. 7b are presented the particles size distributions for the 16 hours milled sample and 30 hours milled sample respectively. The EDX microanalyses confirmed the results obtained by XRD, which indicate a contamination of the samples with elemental iron. Whereas the starting sample EDX analysis indicated an iron/nickel ratio of 2:1, this ratio increases upon increasing the milling time. The amount of iron impurities is increasing upon increasing the milling time. For the 8 hours milled sample the Fe:Ni atomic ratio is increasing at 2.2-2.3:1 and after 16 hours of milling the atomic ratio of 2.45-2.6:1 is reached. This ratio becomes 2.6-2.8:1 for the sample milled for 30 hours. These ratios correspond to a powder contamination with iron between 3 and 10 percent. Small amount of elemental chromium was also detected by X-ray microanalyses. The chromium impurities are provided by the vial material which is consisting of stainless steel with 20 % of chromium. The contamination with chromium varying with the analysed microareas and increases by increasing the milling time. The amount of chromium detect in the sample is about 0.3 -0.4 % at for the sample milled 8 hours and reaches at one percent for the 30 hours milled samples.
The samples are chemically homogeneous and iron is uniformly distributed in the milled powder. In the fig. 8 is presented the EDX micro-analyses obtained for a micro-area from 16 hours milled sample. The chemical homogeneity is maintained upon increasing the milling time.
Conclusions
The nanocrystalline nickel ferrite was successfully obtained by reactive milling from a stoichiometric mixture of commercial nickel and iron oxides. After 16 hours of milling the reaction between precursor oxides is finished. The nickel ferrite is formed and support structural changes continuously up to 30 hours of milling. A very disordered nickel ferrite, with many defects was obtained by milling. The annealing improves the solid state reaction of the nickel ferrite formation and removes the internal stresses and the structural defects. The mean crystallite size decreases with increasing milling time, up to 9 ± 2 nm after 30 hours of milling. The lattice parameter decreases after annealing due to the spinel structure relaxation. DSC measurements revealed a large exothermic process associated with cations reordering in the crystalline structure. The magnetization is influenced by the disordered ferrite structure and by the internal stresses induced during milling. The formation of the spinel ferrite increases the magnetization, after the complete formation the magnetization decreases. The spontaneous magnetization increases after annealing for all the milling time, due to the reorganization of the cations into the spinel structure. A possible superparamagnetic component can be induced in the magnetization by very fine powder particles. The SEM images and particles size analysis confirmed the existence of very fine nickel ferrite particles. The processed powder was contaminated with iron and chromium from the vials and balls.
The reactive milling and subsequently annealing is an efficient route to synthesize nanocrystalline nickel ferrite powder. A little higher annealing temperature could lead to a higher magnetization without changing the nanocrystalline state of the material. Further experiments about this are in progress.
